Cell-based therapies are major focus of current research for treatment of liver diseases. In this study, mesenchymal stem cells were isolated from human umbilical cord Wharton's jelly (WJ-MSCs). Results confirmed that WJ-MSCs isolated in this study could express the typical MSC-specific markers and be induced to differentiate into adipocytes, osteoblasts, and chondrocytes. They could also be induced to differentiate into hepatocyte-like cells. Poly (3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate) (PHBVHHx) is a new member of polyhydroxyalkanoate family and biodegradable polyester produced by bacteria. PHBVHHx scaffolds showed much higher cell attachment and viability than the other polymers tested. PHBVHHx scaffolds loaded with WJ-MSCs were transplanted into liver-injured mice. Liver morphology improved after 30 days of transplantation and looked similar to normal liver. Concentrations of serum alanine aminotransferase and total bilirubin were significantly lower, and albumin was significantly higher on days 14 and 30 in the WJMSCs + scaffold group than in the carbon tetrachloride (CCl 4 ) group. Hematoxylin-eosin staining showed that liver had similar structure of normal liver lobules and similar size and shape of normal hepatic cells, and Masson staining demonstrated that liver had less blue staining for collagen after 30 days of transplantation. Real-time reverse transcription-polymerase chain reaction (RT-PCR) showed that the expression of the bile duct epithelial cell gene CK-19 in mouse liver is significantly lower on days 14 and 30 in the WJ-MSCs + scaffold group than in the CCl 4 group. Real-time RT-PCR, immunocytochemistry, and periodic acid-Schiff staining showed that WJ-MSCs in scaffolds differentiated into hepatocyte-like cells on days 14 and 30 in the WJ-MSCs + scaffold group. Real-time RT-PCR also demonstrated that WJ-MSCs in scaffolds expressed endothelial cell genes Flk-1, vWF, and VE-cadherin on days 14 and 30 in the WJ-MSCs + scaffold group, indicating that WJ-MSCs also differentiated into endothelial-like cells. These results demonstrated that PHBVHHx scaffolds loaded with WJMSCs significantly promoted the recovery of injured liver and could be further studied for liver tissue engineering.
Introduction
A s one of the most important organs in the human body, the liver has important functions in metabolism, and the endocrine and exocrine systems. Various liver diseases, such as acute liver failure, hepatitis B cirrhosis, primary billary cirrhosis, metabolic liver disease, alcoholic liver disease, and hepatocellular carcinoma, seriously threaten human health around the world due to high morbidity and mortality. There are big demands to develop effective therapies to treat these diseases. Clinically, liver transplantation is still the major method for the treatment of some serious late-stage liver diseases. 1 But, it is limited by the shortage of donor organs, high costs, and the long-term use of immunosuppressive drugs. New cell-based therapies of liver diseases became the focus of research to create an artificial liver as a substitute for donor organs. 2 Three-dimensional biocompatible scaffolds can provide a supporting structure for cell growth, facilitate the cell-cell and cell-matrix interactions, and have a promoting effect on cell attachment and differentiation. 3, 4 Finding a suitable scaffold plays an important role in tissue engineering. Polyhydroxyalkanoate (PHA) is a family of polyesters produced by bacteria under unbalanced growth conditions. 5 Poly(3-hydroxybutyrate) (PHB) is a homopolymer and a member of PHA family and was extensively studied for tissue engineering. 6, 7 However, PHB is a high crystallinity polymer and highly brittle, which limits its use in tissue engineering. 8 poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB) and poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) are also members of PHA family and copolymers consisting of short-chain-length PHAs (scl-PHAs) and medium-chainlength PHAs (mcl-PHAs). Copolymerization of scl-PHAs and mcl-PHAs was showed to have better biodegradability and improved physical properties compared with homopolymer PHB. 9 As a new member of PHA family, poly (3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate) (PHBVHHx) was produced by recombinant Aeromonas hydrophila 4AK4. 10 PHBVHHx had better biocompatibility than other PHAs, such as PHB, P3HB4HB, and PHBHHx 11 and is a promising biomaterial for the growth of stem cells.
In addition to the selection of biomaterials, the choice of seeding cells is another major factor in the determination of outcome of tissue engineering. Mesenchymal stem cells (MSCs) proved to be attractive seeding cells for tissue engineering. They can be easily obtained from many different tissues, including bone marrow, adipose tissue, umbilical cord, and umbilical cord blood. 12, 13 They can be cultured for many passages in vitro as undifferentiated cells and provide a large number of cells required for tissue engineering. They are multipotent cells and can differentiate into many different cells under suitable conditions, including osteoblasts, chondrocytes, adipocytes, endothelial cells, and neurons. 13, 14 MSCs were widely tested for tissue engineering in vitro, in animals and clinical trials. 15, 16 They were recently isolated from human umbilical cord Wharton's jelly (WJ-MSCs). 17 WJ-MSCs are more primitive than those isolated from other tissues. 18 Previous studies showed that WJ-MSCs were less immunogenic and were still viable and not rejected 4 months after transplantation as xenografts without the need of use of immunosuppressive drugs. 19 In addition, umbilical cord can be easily obtained and provides a noncontroversial source of MSCs. Therefore, WJ-MSCs represent a promising cell source for tissue engineering.
In this study, PHBVHHx was used as biomaterial for preparation of three-dimensional supportive scaffolds and WJ-MSCs were used as seeding cells for hepatic tissue engineering. PHBVHHx scaffolds loaded with WJ-MSCs were transplanted into liver-injured mice. Effects of WJ-MSCs on the recovery of chronic liver damage were evaluated.
Materials and Methods

Establishment of hepatic injury animal model
All procedures involving experimental animals were conducted in accordance with the institutional guideline and approved by the Animal Care Committee of the Jinan University. KM mice (6-8 week old) were purchased from Experimental Animal Center of Shantou University. To induce chronic liver damage, 20% carbon tetrachloride (CCl 4 ; Guangzhou Chemical Reagent Factory) dissolved in vegetable oil was intraperitoneally injected to the female mice at a dose of 2.0 mL/kg body weight every 3 days. The same amount of vegetable oil was injected as a negative control. Mice were sacrificed after 14 and 30 days of the first injection of CCl 4 . Serum samples were collected for biochemical analysis. Liver was removed, and liver sections were cut for hematoxylin-eosin (HE) staining (Beyotime) and Masson staining (Naniingjiancheng).
Preparation of PHBVHHx
PHBVHHx was produced by recombinant Aeromonas hydrophila 4AK4 harboring phaAB genes. The recombinant strain was cultured as previously described at 30°C for 60 h in 500 mL conical flasks containing 100 mL mineral medium in a rotary shaker (Fuma) at 200 rpm. 20 Mineral medium was supplemented with dodecanoic acid and propionic acid as carbon sources. P (3HB-co-3 mol% 3HV-co-12 mol% 3HHx) was produced by the recombinant strain and used in this study.
Preparation of films and scaffolds and scanning electron microscopy
Poly(L-lactic acid) (PLA) (120 kDa; NatureWorks), P3HB4HB (590 kDa; Tian Green), PHBHHx (440 kDa; Lukang), and PHBVHHx were used for the preparation of films and scaffolds. Films were prepared by solvent-casting method using 2% polymers in chloroform (YongDa Reagent Development Center). After being refluxed at 60°C for 30 min, polymer solution was poured into a glass dish (18 mm in diameter) to allow solvent evaporation in air at room temperature. Films were further dried in vacuum for 48 h.
Polymer scaffolds were fabricated using solid-liquid phase separation method as previously described. 21 Briefly, polymers were dissolved in 1,4-dioxane at concentrations of 2%, 3%, 4%, and 5% (Tianjin Damao Chemical Reagent Factory). After being refluxed at 65°C for 2 h to form a homogeneous solution, the polymer solution was poured into a glass mold. The mold was placed in -80°C for 48 h and vacuum-lyophilized for 3-5 days to form scaffolds. Scaffolds were examined by scanning electron microscopy (SEM) as previously described. 20 
Isolation and culture of WJ-MSCs
Human umbilical cord was aseptically acquired from fullterm cesarean section patients at the First Affiliated Hospital of Jinan University after informed consent and approval from the local Ethical Review Board at Jinan University. Wharton's jelly was cut into small pieces of about 1.5-2.5 mm. They were placed in a six-well plate (Corning) and cultured in the growth medium containing Dulbecco's modified Eagle's medium-low glucose (DMEM-LG; Invitrogen) supplemented with 10% fetal bovine serum (FBS; Sijiqing), 5 ng/mL basic fibroblast growth factor (PeproTech), 1% penicillin-streptomycin, and 1 mg/mL amphotericin B (Invitrogen) in a 37°C incubator containing 5% CO 2 . Cells were cultured without disturbance for 10-15 days. During cell culture, cells migrated out from the small pieces of Wharton's jelly. Cells were harvested by 0.25% trypsin digestion and passaged for cell expansion. Medium was changed every 3 days.
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Determination of cell attachment and viability
Cell attachment and viability were analyzed by Cell Counting Kit-8 assay (CCK-8; Dojindo) as previously described. 22 For CCK-8 assay, substrate WST-8 is reduced by dehydrogenases in mitochondria of living cells to give a soluble yellow-colored product (formazan). The amount of the formazan dye generated by the activity of dehydrogenases in cells is directly proportional to the number of viable cells.
9 CCK-8 is similar to a methylthiazol tetrazolium (MTT) assay. Both of them have similar principles and can determine cell attachment and viability. But, CCK-8 assay is more sensitive and accurate and faster than MTT. In MTT assay, succinate dehydrogenase in mitochondria of living cells can reduce substrate MTT into insoluble crystal violet formazan. 23 For CCK-8 assay in this study, 2 · 10 4 WJMSCs were added to each film or scaffold in 24-well plate. After 4 and 72 h culture, the medium was aspirated and 450 mL serum-free medium and 50 mL CCK-8 solution were added to each sample. After 2 h incubation at 37°C, the optical density was measured at 450 nm using a 96-well spectrophotometer (MK3; Thermo).
Labeling WJ-MSCs with a fluorescent dye WJ-MSCs were labeled with fluorescent dye as previously described. 24 WJ-MSCs were incubated at 37°C for 5 min, 4°C for 15 min with 4 mM lipophilic fluorochrome chloromethylbenzamido dialkylcarbocyanine (CM-DiI; Molecular Probes).
Seeding WJ-MSCs into PHBVHHx scaffolds
Seeding WJ-MSCs into PHBVHHx scaffolds was performed as previously described. 25 Sterilized PHBVHHx scaffolds were placed in 24-well cell culture plates (Corning). A total of 2 · 10 6 WJ-MSCs labeled with CM-DiI fluorescent dye in 50 mL culture medium were added to each scaffold. After incubation at 37°C for 30 min, DMEM-LG (Invitrogen) supplemented with 10% FBS was added to each well.
Scaffold implantation into liver-injured mice
After mice were injected with CCl 4 for 30 days to cause liver injury, mice were divided into three groups: (1) they did not receive transplantation (CCl 4 ); (2) They received the transplantation of PHBVHHx scaffolds loaded with cell-free culture medium (Scaffold); (3) They received the transplantation of PHBVHHx scaffolds loaded with labeled WJMSCs (WJ-MSCs + scaffold). The surgical procedure was performed as previously described. 26 Animals were anesthetized with 5% chloral hydrate (0.08 mL/10 g) (Tianjinguangfu) by intraperitoneal injection and then fixed supinely. The surgical area was disinfected with iodophor. A midline abdominal incision (2-3 cm) was made and PHBVHHx scaffolds were placed within the omentum. The abdominal incision was closed in two layers with 4-0 absorbable suture (Shanghaitianqing). Each mouse was kept separately in each cage and checked everyday for health condition.
Liver functional assays of animal serum
A total of 200-500 mL blood was collected from mice by heart puncture on day 14 and 30 after CCl 4 injection to cause liver injury and on day 14 and 30 after scaffold transplantation into liver-injured mice. Blood was collected from normal mice as controls. Concentrations of serum alanine aminotransferase (ALT), total bilirubin (TB), and albumin (ALB) were measured according to the manufacturer's instruction (Nanjinjiancheng).
HE staining and Masson staining
Mouse liver and scaffolds loaded with WJ-MSCs before and after transplantation were embedded in Optimum Cutting Temperature Compound (Sakura). The 10 mm sections were cut and stained with HE staining (Beyotime) according to the manufacturer's instructions. The livers were fixed in 10% neutral formalin solution for more than 24 h and embedded in paraffin. The tissue was sectioned at 4 mm and subsequently stained with Masson staining (Nanjingjiancheng) according to the manufacturer's instructions.
Real-time reverse transcription-polymerase chain reaction
Real-time reverse transcription-polymerase chain reaction (real-time RT-PCR) was performed and the data analyzed as previously described. 27 Shortly, total RNA was extracted from livers and scaffolds loaded with WJ-MSCs using Total RNA Kit I (Omega) following the manufacturer's instructions and digested with RNases-free DNase (Promega). cDNA synthesis was preformed with 2 mg total RNA using Reverse transcriptase M-MLV (TaKaRa). Realtime RT-PCR was performed in 25 mL reaction volume containing 12.5 mL GoTaq Ò qPCR Master Mix (Promega), 1 mL of each primer and 2 mL cDNA. After denaturing for 10 min at 95°C, PCR amplification was performed for 40 cycles of 15 s at 95°C, 1 min at 56°C, and 1 min at 72°C using the Bio-Rad Real-Time PCR system (Bio-Rad). The mRNA expression levels were normalized with GAPDH. The PCR primers were listed in Table 1 .
Immunocytochemistry
After transplantation for 14 and 30 days, cells were harvested with trypsin from scaffolds loaded with WJ-MSCs and cultured overnight at 1 · 10 4 cells/cm 2 in growth medium in a 24-well plate (Corning). Immunocytochemistry was performed as previously described. 28 Cells were incubated for 1 h with mouse monoclonal antibody against human a-fetoprotein (AFP), ALB, and cytokeratin 18 (CK-18) (1:50; Santa Cruz Biotechnology). Cells were incubated for 1 h with phycoerythrin-conjugated goat anti-mouse immunoglobulin G (1:100; Santa Cruz Biotechnology). Cell nuclei were stained for 5 min with diamidinophenylindole (Beyotime).
Periodic acid-Schiff staining for glycogen storage
After transplantation for 14 and 30 days, cells were harvested with trypsin from scaffolds loaded with WJ-MSCs and cultured overnight at 1 · 10 4 cells/cm 2 in growth medium in a 24-well plate (Corning). Periodic acid-Schiff staining was performed as previously described. 29 Cells were incubated with periodic acid solution (Sigma) for 5 min and immersed in Schiff's reagent (Sigma) for 15 min. Cells were counterstained in hematoxylin solution (Sigma) for 90 s.
Statistical analysis
Data are expressed as mean -standard error of the mean. Statistical comparisons were performed using the Student's t-test. p-Values <0.05 were considered statistically significant.
Results
Characterization of polymer scaffolds by SEM
The microstructures of different polymer scaffolds were examined by SEM. All of the scaffolds were prepared by the same solid-liquid phase separation method. The scaffolds were cut into 12 mm in diameter and 5 mm in thickness. Scaffolds were prepared with PHBVHHx and the commonly used polymers PLA, P3HB4HB, and PHBHHx and displayed the different pore sizes (Fig. 1A) . P3HB4HB scaffolds contained the largest pores among all the scaffolds examined. PHBHHx and PHBVHHx scaffolds possessed the smaller and more uniform pore sizes.
Analysis of attachment and viability of WJ-MSCs inside polymer scaffolds
The different scaffolds were prepared at concentrations of 2%, 3%, 4%, and 5%, and the different films at 2%. Cell attachment on the different films and scaffolds was studied using CCK-8 assay after WJ-MSCs were incubated for 4 h in the growth medium. PHBVHHx scaffolds exhibited the highest cell attachment compared with the commonly used polymers PLA, P3HB4HB, and PHBHHx (Fig. 1B) . Different scaffolds had significantly higher cell attachment than their respective films. In addition, the same polymer scaffold prepared at different concentrations showed similar results.
Cell viability on different films and scaffolds was studied using CCK-8 assay after WJ-MSCs were incubated for 72 h in the growth medium. PHBVHHx scaffolds showed much higher cell viability than the commonly used polymers PLA, P3HB4HB, and PHBHHx (Fig. 1C) . In agreement with cell attachment results, different scaffolds had significantly higher cell attachment than their respective films, and the same polymer scaffold prepared at different concentrations showed similar results.
Characterization of liver-injured mouse model
In this study, 20% CCl 4 was injected into mice every 3 days for 30 days to induce chronic liver damage. The difference of livers from normal and liver-injured mice is very obvious (Fig. 2A) . The surface of normal liver looked normal and smooth. In contrast, liver from liver-injured mice was swelling, and the surface was pale and rough and showed many small nodules.
Blood samples were collected from normal and liverinjured mice and centrifuged to get serum. Concentrations of serum ALT, TB, and ALB were measured. The results showed that ALT and TB were significantly higher, and ALB was significantly lower in mice after 14 and 30 days of CCl 4 injection (Fig. 2B ).
Livers were removed from normal and injured mice, and liver tissue sections were examined after HE and Masson staining. HE staining showed that the control mice liver had normal structure of liver lobules and normal size and shape Cell attachment on the different films and scaffolds was studied using Cell Counting Kit-8 (CCK-8) assay after WJ-MSCs were incubated for 4 h. Poly (3-hydroxybutyrate-co-3-hydroxyvalerateco-3-hydroxyhexanoate) (PHBVHHx) scaffolds exhibited the highest cell attachment compared with the other commonly used polymers (n = 6). *p < 0.01 versus respective film. (C) Analysis of viability of WJ-MSCs loaded into polymer scaffolds. Cell viability on the different films and scaffolds was studied using CCK-8 assay after WJ-MSCs were incubated for 72 h. PHBVHHx scaffolds showed much higher cell viability than the other commonly used polymers (n = 6). *p < 0.01 versus respective film.
of hepatic cells. In contrast, the injured liver after 14 and 30 days of CCl 4 injection had obvious pathological changes, including hepatocellular degeneration, necrosis, vacuolization, and inflammatory infiltration (Fig. 2C) . Masson staining demonstrated that injured liver after 14 and 30 days of CCl 4 injection had the obvious blue staining for collagen deposition compared with the normal liver (Fig. 2C ). In addition, injured liver after 30 days of CCl 4 injection showed bluer staining than after 14 days of CCl 4 injection. Blood samples were collected from normal and liver-injured mice. Concentrations of serum alanine aminotransferase (ALT), total bilirubin (TB), and albumin (ALB) were measured. The results showed that ALT and TB were significantly higher, and ALB was significantly lower after 14 and 30 days of CCl 4 injection. *p < 0.01 versus respective normal mice control. (C) Livers were removed from normal and injured mice after 14 and 30 days of CCl 4 injection. Liver tissue sections were examined after hematoxylin-eosin (HE) and Masson staining. Liver damage was observed and liver showed blue by Masson staining for collagen deposition after CCl 4 injection. Color images available online at www.liebertpub.com/tea were used as controls (Control group). Livers were removed after 14 and 30 days of transplantation. Liver morphology on day 30 in the WJ-MSCs + scaffold group significantly improved, and it looked similar to the normal liver (Fig. 3A) .
Blood was collected from liver-injured mice or from normal mice. Concentrations of serum ALT and TB were significantly lower, and ALB was significantly higher on days 14 and 30 in the WJ-MSCs + scaffold group than in the CCl 4 group (Fig. 3B) . In addition, concentrations of ALT, TB, and ALB changed more in animals on day 30 posttransplantation of WJ-MSCs + scaffold than on day 14.
Mouse livers were removed after 14 and 30 days of transplantation, and liver tissue sections were examined after HE and Masson staining. HE staining showed that on day 30 in the WJ-MSCs + scaffold group, liver had similar structure of normal liver lobules, liver acini similar to these of normal liver, and similar size and shape of normal hepatic cells, and there were significantly less hepatic cell degeneration, necrosis, vacuolization, and inflammatory infiltration in the liver compared with all the other livers (Fig. 4A) . Masson staining demonstrated that liver on day 30 in the WJ-MSCs + scaffold group had significantly less blue staining for collagen deposition compared with all the other livers (Fig. 4A ).
Real-time RT-PCR showed that the expression of the bile duct epithelial cell gene CK-19 was detected at a low level in normal mouse liver (Control) and significantly increased on day 30 after CCl 4 injection (Fig. 4B) . CK-19 expression was significantly lower in mouse liver on days 14 and 30 in the WJ-MSCs + scaffold group than in the CCl 4 group (Fig.  4B) . Real-time RT-PCR demonstrated that the expression of the endothelial cell genes Flk-1, vWF, and VE-cadherin in mouse liver did not significantly change on days 14 and 30 in the WJ-MSCs + scaffold group compared with the other groups (Fig. 4C) , indicating that WJ-MSC transplantation did not significantly change vascularization.
Cell repopulation in the scaffolds after transplantation
Cell repopulation in the scaffolds after transplantation was investigated. Real-time RT-PCR and immunocytochemistry showed that cells expressed hepatocyte genes ALB, AFP, and CK-18 on days 14 and 30 in the WJMSCs + scaffold group, indicating that WJ-MSCs in scaffolds differentiated into hepatocyte-like cells (Fig. 5A, B) . Cells expressed the transcripts of these three genes at a higher level on day 30 following transplantation compared with that on day 14 ( (Fig. 5C ). Real-time RT-PCR demonstrated that WJ-MSCs in scaffolds expressed endothelial cell genes Flk-1, vWF, and VE-cadherin on days 14 and 30 in the WJ-MSCs + scaffold group, indicating that WJ-MSCs also differentiated into endothelial-like cells (Fig. 5D ).
Cell tracing after transplantation
To trace WJ-MSCs after their transplantation, they were labeled with fluorescent dye CM-DiI before transplantation. PHBVHHx scaffolds loaded with the labeled cells were transplanted into liver-injured mice after 30 days of CCl 4 injection. Scaffolds were removed after 14 and 30 days of transplantation. Scaffold sections were observed under a fluorescence microscope. Fluorescent cells in scaffolds were observed before and after transplantation and decreased after 30 days of transplantation compared with 14 days (Fig.  6A) . Scaffold sections were also examined after HE staining. Stained cells in scaffolds were observed after 14 and 30 days of transplantation of scaffolds loaded with WJ-MSCs, and no stained cells in scaffolds were observed after 14 and 30 days of transplantation of scaffolds loaded with cell-free culture medium (Fig. 6B) .
Discussion
The advent of tissue engineering provides new ways for the treatment of liver injury. Combination of suitable seeding cells and ideal biomaterials may simulate different organs and solve the serious shortage of donor organs. WJMSCs is one type of adult stem cells that have multipotent differentiation potential and can differentiate into many other types of cells including hepatocyte-like cells under suitable induction conditions in vitro and in vivo.
30,31 WJMSCs have low immunogenicity and can reduce the immune rejection after their transplantation. 32 In this study, WJ-MSCs were isolated from umbilical cord Wharton's jelly. Flow cytometry analysis showed that WJ-MSC were positive for the typical MSC-specific markers CD44, CD73, CD90, and CD105 and negative for control markers CD14, The differentiation of WJ-MSCs into endothelial-like cells was examined by real-time RT-PCR. Cells expressed endothelial cell genes Flk-1, vWF, and VE-cadherin on days 14 and 30 after WJ-MSCs in scaffolds were transplanted into liver-injured mice (n = 5). *p < 0.01 relative to respective control. Color images available online at www.liebertpub.com/tea CD19, CD34, CD45, and HLA-DR (Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertpub .com/tea). They differentiated into adipocytes, osteoblasts, and chondrocytes under suitable conditions ( Supplementary  Fig. S2 ). These results demonstrated that WJ-MSCs used for this study had the MSC characteristics and were indeed adult stem cells.
Previous studies revealed that stem cell transdifferentiation was induced by suitable growth factors, cytokines, or transcription factors. 33, 34 Hepatocyte growth factor (HGF) plays a critical role in the development and regeneration of liver cells, and fibroblast growth factor (FGF)-4 plays an important role in initial endoderm patterning and specification. 35, 36 In addition, FGF can act during the initial stage of hepatic development, and HGF was involved in the later maturation stage. 37 In this study, HGF and FGF-4 were used for inducing WJ-MSCs into hepatocyte-like cells. WJ-MSCs expressed hepatocyte-specific markers ALB, AFP, and CK-18 after they were induced for 21 days in the hepatocyte differentiation medium (Supplementary Fig. S3A, B) . AFP is a marker of early fetal hepatocyte differentiation, and ALB and CK-18 are markers of mature hepatocytes. These markers were commonly used to detect hepatocyte-like cells derived from stem cells. 14, 38 This study also showed that differentiated cells were positive for periodic acid-Schiff staining and low-density lipoprotein (LDL) uptake assay ( Supplementary Fig. S3C ). Periodic acid-Schiff staining and LDL uptake assay are common hepatic functional assays to detect glycogen storage and LDL absorption respectively. 37, 38 These results showed that WJ-MSCs used for this study could differentiate into hepatocyte-like cells in vitro and had the typical characteristics of hepatocytes, suggesting that they may also differentiate into hepatocytes in vivo after their transplantation.
In this study, CCl 4 was used to induce liver injury. It is commonly used for the study of liver diseases. 39 It causes liver damage by the formation of reactive intermediates in the endoplasmic reticulum through isoenzymes of cytochrome P-450. It also causes significant alterations to mitochondrial calcium homeostasis. 40 In this study, the concentrations of serum ALT, TB, and ALB were measured to determine the liver injury and recovery of hepatic functions. ALT plays an important role in amino acid metabolism and is a sensitive indicator of hepatocellular injury. Remarkable increase of ALT suggests acute hepatitis and hepatotoxicity. Hematin can be uptaken by hepatocytes and transformed by hepatocytes to bilirubin, which flows into bile and is excreted through bile duct. Liver injury increases bilirubin, which clinically is a routine test of liver functions. ALB is produced by hepatocytes and is another indicator of (Fig. 2B) . HE staining and Masson staining also confirmed that the administration of CCl 4 induced liver injury (Fig. 2C) .
Three-dimensional biodegradable scaffolds as supporting carriers for tissue regeneration may be used for hepatic tissue regeneration for engineering and the treatment of liver diseases. 41 Three-dimensional scaffolds can provide a platform for cell attachment and differentiation and support specific tissue structures and shapes. 42 Ideal scaffolds for liver tissue engineering should be biocompatible and biodegradable and also have some mechanical rigidity and flexibility. In addition, scaffolds should be able to mimic the liver extracellular matrix, which is important to support the differentiation of stem cells into hepatocytes. 43 As a new member of PHA family, PHBVHHx showed good biocompatibility with many different cells, including fibroblasts, osteoblasts, and WJ-MSCs. 10, 20 PHBVHHx also has adjustable physical properties and can be an ideal biomaterial for liver tissue engineering. In this study, PHBVHHx scaffolds showed much higher cell attachment and viability than the commonly used polymers PLA, P3HB4HB, and PHBHHx (Fig. 1B, C) . PHBVHHx scaffolds loaded with WJ-MSCs were transplanted into liver-injured mice to investigate their effects on the recovery of hepatic functions. Morphology of liver from the mouse after 30 days of transplantation of PHBVHHx scaffolds loaded with WJMSCs significantly improved and looked similar to the normal liver (Fig. 3A) . PHBVHHx scaffolds loaded with WJ-MSCs significantly decreased ALT and TB and increased ALB (Fig. 3B) . HE and Masson staining showed that PHBVHHx scaffolds loaded with WJ-MSCs also significantly improved hepatic tissue structure and decreased collagen fibers, and hepatic lesions were markedly ameliorated (Fig. 4A) .
Previous studies showed that after mice were subjected to liver injury by BLD (Bile duct ligation) or administration of CCl 4 , the liver injury increased the expression of the bile duct epithelial cell gene CK-19 in bile ducts. [44] [45] [46] In this study, real-time RT-PCR showed that the expression of CK-19 was detected at a low level in normal mouse liver (Control) and significantly increased on day 30 after CCl 4 injection (Fig. 4B) , suggesting that increased bile duct epithelial cells may be a marker of CCl 4 -induced liver injury. CK-19 expression was significantly lower in mouse liver on days 14 and 30 in the WJ-MSCs + scaffold group than in the CCl 4 group (Fig. 4B) , suggesting that WJ-MSCs promoted the reconstruction of normal liver structures from injured liver. These results demonstrated that PHBVHHx scaffolds loaded with WJ-MSCs significantly promoted the recovery of injured liver.
There are many sites for scaffold transplantation, including omentum, small intestinal mesentery, and subcutaneous space of the abdominal wall. 26 Previous study demonstrated that the omentum is the most favorable bed for engraftment of hepatocyte-polymer tissue-engineered constructs compared with small intestinal mesentery and subcutaneous space of the abdominal wall. 26 The omentum is a fold of the peritoneum anchored to the stomach and transverse colon that drapes over the small intestine. The omentum is highly vascular and contains a relatively large surface area. 26 It has high rate of angiogenesis into cellpolymer constructs and is rich in hepatotrophic factors, and the surrounding tissue may influence the survival and proliferation of the transplanted hepatocytes by other unknown interactions. 26 So, the omentum is an ideal site for hepatocyte engraftment and was chosen as a transplantation site in this study. Many studies showed that after cells or scaffolds were implanted into different sites of animals, they promoted the regeneration of injured liver. [47] [48] [49] [50] The paracrine effect of MSCs can help to restore liver functions. Previous studies showed that MSCs secreted some cytokines and growth factors, which were beneficial to the regeneration of injured liver. 51 For example, HGF can promote hepatocyte proliferation and liver regeneration, 52 and FGF-4 has critical functions in the initiation of mammalian liver development from endoderm. 36 In this study, after WJ-MSCs were transplanted within the omentum, WJ-MSCs and cells differentiated from them may also secrete some cytokines and growth factors, which may promote the regeneration of injured liver directly by diffusing into mouse liver, or indirectly by transportation into liver through blood vessels.
Injured liver can also release some growth factor and cytokines, which can induce MSCs to differentiate into hepatocyte-like cells. 53, 54 Previous studies found that after MSCs were cocultured with injured liver or transplanted directly to liver-injured animals, they differentiated into hepatocyte-like cells. 55, 56 In this study, WJ-MSCs in scaffolds differentiated into hepatocyte-like cells after their transplantation into liver-injured mice for 14 and 30 days (Fig. 5A-C) .
CM-DiI is common fluorescent dye for cell tracking. Previous study showed that the fluorescence decreased over time in vitro after MSCs were labeled with CM-DiI and was still detectable after 5 weeks. 24 Fluorescence was detected in MSCs labeled with CM-DiI 6 weeks after injection into sheep skeletal muscle and 2 weeks after implantation of biomaterial scaffold containing MSCs. 24 In this study, PHBVHHx scaffolds loaded with WJ-MSCs labeled with CM-DiI were transplanted into liver-injured mice. The fluorescence also decreased over time and was still observed after 30 days of transplantation (Fig. 6A ). This result is consistent with the previous observation. 24 Previous study showed that concentrations of ‡ 6 mM CM-DiI impaired cell division, and therefore, 4 mM concentration was chosen. 24 MSCs labeled with CM-DiI could be induced to differentiate into chondrocytes and cardiomyocytes. 24 In this study, WJ-MSCs were also labeled with 4 mM CM-DiI as previously described. 24 
Conclusions
This study demonstrated that WJ-MSCs loaded into PHBVHHx scaffolds significantly improved the recovery of injured liver. The underlying mechanisms need to be investigated. This study supports that WJ-MSCs loaded into PHBVHHx scaffolds can be further tested for liver tissue engineering.
